The myocardium is unable to regenerate itself after infract, resulting in scarring and thinning of the heart wall. Our objective was to develop a patch to buttress and bypass the scarred area, while allowing regeneration by incorporated cardiac stem/progenitor cells (CPCs). Polycaprolactone (PCL) was fabricated as both sheets by solvent casting, and fibrous meshes by electrospinning, as potential patches, to determine the role of topology in proliferation and phenotypic changes to the CPCs. Thiophene-conjugated carbon nanotubes (T-CNT) were incorporated to enhance the mechanical strength. We showed that freshly isolated CPCs from murine hearts did not attach nor spread on the PCL sheets, both with and without T-CNT. As electrospun meshes, however, both PCL and PCL/T-CNT supported CPC adhesion, proliferation and differentiation. The incorporation of T-CNT into PCL resulted in a significant increase in mechanical strength but no morphological changes to the meshes. In turn, proliferation, but not differentiation, of CPCs into cardiomyocytes was enhanced in T-CNT containing meshes. We have shown that changing the topology of PCL, a known hydrophobic material, dramatically altered its properties, in this case, allowing CPCs to survive and differentiate. With further development, PCL/T-CNT meshes or similar patches may become a viable strategy to aid restoration of the post-MI myocardium.
Introduction
The WHO estimates that heart failure due mainly to myocardial infarction (MI) accounts for about 29% of deaths worldwide 1. While regenerative medicine has generated a lot of hope due to high impact preclinical reports, e.g. direct reprogramming of non-muscle heart cells to form muscle in mice 2, most studies deal with early intervention and re-establishment of vasculature to the heart. However, many patients do not make it to the hospital in time, and scarring of the left ventricle (most common place of infarct) occurs, leaving a large scarred, dilated and thinned heart wall ( Fig.   1 ) that decreases the heart's pumping capacity. In fact, upon MI, a patient can lose as much as 50 grams of muscle mass, as a result of hypoxia that leads to the release of apoptotic factors and cell death. Studies have shown that cell implantation can improve clinical function, but do better with a scaffold to provide a 3-dimensional framework to direct the organization of cells into functional tissue and organs 3. Although removal of the scar tissue and replacement with a suitable cellular construct would be ideal to restore contractile function, this is somewhat unrealistic in the near future.
Our objective was to develop a patch comprising biocompatible materials and incorporated cardiac stem/progenitor cells (CPCs) that can be used to reinforce and bridge the damaged area, so that the thin, dilated heart wall is strengthened (Fig. 1) . The incorporation of CPCs (or an appropriate progenitor) will allow formation of new myocardial tissue and hence a more permanent by-pass. The human myocardium is a very tough tissue, and therefore any patch has to be strong enough to withstand the high pressures exerted with each heartbeat and volume of blood flowing through.
In this study, polycaprolactone (PCL), a US FDA approved polyester commonly used in biomedical applications 4-8 was selected as a model biomaterial for the potential patch. We compared the effects of changing the physical properties of PCL sheets by augmenting the mechanical strength using carbon nanotubes (CNTs.) We also examined the effects of a change in topology from a PCL sheet to a mesh conformation on the growth and differentiation characteristics of CPCs. CNTs were chosen as they have been incorporated into polymer fibers 9, including electrospun materials 10, 11 and have been reported to greatly enhance their strength. Conjugated CNTs allow for better solubility as pristine CNTs can interact via van der Waals forces and aggregate 12. There are many ways to conjugate CNTs for improved solubility, but the majority lead to significant changes in the chemical composition and behaviour of the material 13, 14. Thiophene conjugation of the CNTs in this study had little/no effect on mesh fabrication, while augmenting the mechanical strength of the composite material without other undesired effects.
Materials and Methods

Materials
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, USA) unless otherwise specified. The carbon nanotubes (CNTs) used were all multi-walled CNTs from Sigma, 7-15 nm in diameter, that were produced by a variant of the standard arc discharge evaporation of carbon, resulting in CNT deposition at the negative cathode.
Preparation of PCL and PCL/T-CNT
Thiophene-conjugated carbon nanotubes (T-CNTs) were synthesized as described in Sadhu et al.
15 to a final concentration of 1mg/mL. After thiophene conjugation, the T-CNTs were 7-15 nm in diameter and 2 μm in length 15. PCL pellets were dissolved in chloroform to give a 10% w/w solution. For T-CNT doped PCL, T-CNTs were dispersed by ultrasonication and added to the PCL solution at a ratio of PCL/CNT of 1.0:0.2 (w/w). Finally, the suspension was ultrasonicated for another one hour and then stirred continuously before casting and electrospinning.
Casting PCL sheets
PCL and PCL/T-CNT in the 10% chloroform solutions were cast on glass slides at room temperature. The solvent was left to evaporate slowly over two days, leaving a flat film.
Electrospining Fibrous Meshes
Solutions of PCL or PCL/T-CNT (PCL/T-CNT ratio of 1.0:0.2) were fed into a 2 ml standard syringe attached to a 23 G blunted stainless steel needle using a syringe pump (Chemyx, TX, USA) at a flow rate of 0.5 ml h − 1 with an applied voltage (Glassman High Voltage Inc., NJ, USA) of 6.2
kV. On application of high voltage the polymer solution was drawn into fibers and collected on collector plate wrapped with aluminum foil, kept at a distance of 15 cm from the needle tip. These fibers were dried overnight under vacuum to completely remove solvent residue prior to use for characterization and cell culture studies.
Characterization of the fibrous meshes
Scanning electron microscopy
PCL only sheets and meshes were sputter coated with chromium and imaged by scanning electron microscopy (SEM), using an accelerative voltage of 5kV (LEO 1550 Gemini). The electrospun PCL and composite PCL/T-CNTs fibrous meshes were sputter coated with gold and imaged at an accelerating voltage of 10kV using the SEM (JEOL JSM-840).
Mechanical properties
The mechanical properties of PCL and PCL/T-CNT fibrous meshes were tested using an Instron® universal test machine (ElectroPuls E3000, High Wycombe, UK) in a water bath conditioned at 
Contact angle wettability studies
Contact angle measurements were made using the sessile drop technique. Drops of water were deposited onto the PCL and PCL/T-CNT sheets. The static angles were imaged and calculated with a CAM 200 Optical Contact Angle Meter (KSV Instruments Ltd, Finland).
In vitro cell studies
Isolation of cardiac progenitor cells (CPCs)
Cardiac progenitor cells (CPCs) were freshly isolated from 3-week-old C57BL/6 mouse hearts Cells were incubated at 37 °C in a humidified atmosphere containing 5% CO2 for 6 days, and the culture medium was changed once every 2 days. Their identity as CPCs was confirmed by Fluorescent Associated Cell Sorting (FACS) Analysis using different markers (Table 1) . Briefly, single cell suspensions of 0.5 x 10 6 cells (passage 2) were suspended in 100 µl of PBS containing 0.2% sodium azide and 2% fetal calf serum (FCS), and then incubated on ice in the dark for 30 minutes in saturated concentrations of their respective antibodies. They were washed three times by centrifuging at 200 x g for 5 minutes, followed by suspension in cold PBS. Cell fluorescence was evaluated by flow cytometry by using a Gallios multicolour flow cytometer (Beckman Coulter AB, Sweden). The data was analyzed using Kluza software (BD, San Jose, CA). An isotype control of each antibody was included in the experiment and positivity for a particular antibody was measured from the cross point of the isotype and corresponding antibody graph. A total of 10,000
events were acquired to determine the positivity of different markers.
Cardiac progenitor cell culture on sheets and meshes
Round, 9 mm diameter samples of sheets and meshes were trephined out and placed in a 24-well culture dish, and washed overnight in PBS containing a 1% penicillin-streptomycin (PEST) solution, after which the antibiotic solution was rinsed off. CPCs were then seeded onto the scaffolds at a density of 1×10 4 cells/well and maintained in CPC maintenance medium at 37 o C in a humidified incubator at 5% CO2. To allow differentiation, CPCs (1x10 4 cells) were seeded onto the scaffolds and incubated in maintenance medium for one day to allow them to attach. The next day, the medium was changed to the induction medium for CPC differentiation and the samples were cultured for an additional 72 hours. The induction medium consisted of DMEM/Ham's F12 medium with 15mM HEPES supplemented with 10µM 5'-azacytidine, 1% FCS, 1% PEST, 1X
ITS and 0.5% DMSO. The medium was then changed to cardiomyocyte maintenance medium which comprised DMEM/Ham's F12 with 15mM HEPES supplemented with 1% FCS, 1% PEST, 1X ITS, 0.5% DMSO, 20ng/ml EGF and 10ng/ml TGF-β1 and maintained for 21 days by changing medium every alternate day.
Cell viability and proliferation assays
Viability of CPCs on their scaffolds was assessed on days 1 and 7 of culture using a Live/Dead® 
Immunofluorescence
CPCs grown on meshes were characterized by immunofluorescence for cardiac stem/progenitor specific markers, and after 21 days of culture after differentiation induction, with cardiomyocyte markers. Briefly, cells within meshes were rinsed thoroughly with PBS and fixed with 4% paraformaldehyde for 20 minutes. For permeabilization and blocking unspecific binding, samples were incubated with 3.0% bovine serum albumin (BSA) with 0.30% Triton X-100 in PBS for 45min at 37 o C. Samples were then incubated with primary antibodies diluted in blocking buffer as given in Table 2 . After application of primary antibodies, samples were rinsed and then reacted with their respective secondary antibodies ( Table 2 ). The samples were counterstained with DAPI (4', 6-diamidino-2-phenylindole, dihydrochloride) for one minute and mounted using 50% (v/v) glycerol in PBS.
Controls consisted of omission or the primary antibody and substitution of either mouse or rabbit IgG. Stained samples were visualized by laser confocal microscopy.
Statistical Analysis
Mean values were obtained. Statistical analyses were performed using a Generalized Linear Model (GLM, Minitab Statistical Software, Minitab Ltd., Coventry, UK).
Results
PCL and PCL/T-CNT sheets and meshes
SEM showed that both PCL and PCL/T-CNT sheets were two dimensional with a small surface area ( Fig. 2A,B ). They were hydrophobic and not cell friendly (see below). Both PCL and PCL/T-CNT were readily electrospun into fibrous meshes. Unlike the sheets, these meshes were 3-dimensional, porous structures. No obvious morphological differences were observed between the PCL only and T-CNT containing electrospun PCL meshes by SEM (Fig. 2C, D) . However, there were significant differences in the mechanical properties of PCL meshes after the addition of T-CNT to the PCL (Table 3 ). The addition of the T-CNT increased the tensile strength from 0.9 to 1.3 MPa, and elongation at break by over 2.5 fold, from 48% eongation at break to 131%.
Cardiac Progenitor Cells and Growth Characteristics on Materials
FACS analyses (Fig. 3) showed that the cells isolated from murine hearts were 97% Sca-1 positive, 24% positive for CD34 and 78% positive for GATA-4, a cardiac progenitor lineage specific marker. These cells were 100% and 96% positive for mesenchymal stem cell specific surface antigens, CD 29 and CD 44 respectively. The cells were negative for hematopoietic lineage specific markers, APC cocktail lineage, and for the vascular endothelial marker, CD31. These results confirmed the identity of the cells isolated from murine hearts as CPCs.
When seeded onto sheets of either PCL only or PCL/T-CNT, the majority of the cells died within 1 day (Fig 4A, B) . However, with a change in topology to the electrospun meshes, most cells remained viable (Fig 4C-F) .
The MTS assays showed that cells remained viable but did not increase in numbers during the first four days in culture (Fig. 5) . GLM calculations gave a p>0.05 for the materials, the day and the crossed factor. The Tukey test showed a significant overall difference amongst the materials. Growth of control cells seeded on tissue culture plastic was continuous, without the lag time seen on the meshes. This lag was seen to yield no significant difference at day 4 between the PCL and PCL/T-CNT meshes. However, by day 7 there is a significant difference in cell growth for both meshes and the control (p<0.0001).
Effect of PCL and PCL/T-CNT Substrates on Cardiac Progenitor Phenotype
The ability of the CPCs to retain their phenotypes on the meshes was demonstrated by their expression of smooth muscle actin, c-kit, and Isl-1 at both day 4 and 7 of cell culturing (Fig 6) .
There was a marked increase in the number of actin, c-kit, and Isl-1 stained cells on the PCL/T-CNT meshes in comparison to the PCL only meshes, on day 7 in particular.
When the CPCs were induced to differentiate, they expressed markers of differentiated cardiomyocytes such as α-actinin, atrial natriuretic peptide (ANP) and cardiomyocyte myosin heavy chain (MHC). There was no observable difference in the numbers of cells on PCL/T-CNT or PCL only meshes that expressed α-actinin, ANP or MHC (Fig 7) . None of the cells showed the typical morphology of fully differentiated cardiomyocytes. There were no identifiable sarcomeres, which would have been visible with α-actinin staining. It was noted that tissue culture plastic seeded CPCs, although higher in numbers, did not show terminal differentiation either.
Discussion
Thiophene-conjugated CNTs were readily incorporated into PCL, which in turn could be cast into sheets as well as electrospun. Two-dimensional sheets of either PCL alone or T-CNT containing PCL were not cell friendly, in agreement with previous reports of it as a hydrophobic polymer with little biological activity 12,30. In this study, PCL sheets did not support CPC growth at all, nor did addition of the T-CNT to PCL improve biocompatibility.
Topography has been reported to be important for cellular behavior, with a growing consensus that an increased surface area is necessary for cell adhesion and proliferation 4,6. The difference between a 2D environment and 3D environment is clear from our results. It is most likely that the 3D porous fibrous meshes were entrapping cell culture media macromolecules within the pores needed for the cells to be viable, proliferate and differentiate, while the 2D flat sheets did not allow retention of media components.
The addition of T-CNT to the PCL meshes via electrospinning also resulted in an increase in mechanical stability of the materials, particularly in their elasticity as shown by the over 2.5-fold increase in the percent elongation at break. This increase in mechanical strength has also been reported for other polymer/CNT composites with PCL, polycarbonate, polyurethane, and chitosan 31-34, showing the utility of CNT as a means for mechanically enhancing the strength of biomaterials. This was the only change that was experimentally evident, as even the wettability of PCL and PCL/T-CNT sheets are similar at 76± 1.1 and 77± 0.9 for the PCL and PCL/T-CNT respectively.
Although both PCL and PCL/T-CNT meshes supported CPC attachment, proliferation was enhanced on the PCL/T-CNT meshes. The lag time seen on the meshes has been reported before 35 and bears no indication of effect from the materials. As the topography of PCL and PCL/T-CNT meshes was similar, the difference in rate of cell proliferation was most likely due to the difference in the mechanical properties of the two meshes. The stronger PCL/T-CNT meshes also supported better retention of the CPC phenotype (expression of c-kit and Isl-1 in particular) during the proliferative phase. The higher rate of proliferation and expression of cardiac progenitor markers is probably due to the difference in mechanical properties, and in particular, the increased elasticity.
After induction of differentiation, the cells expressed specific markers of differentiated cardiomyocytes such as α-actinin, ANP and cardiomyocyte MHC. There was no statistical difference in the numbers of cells that expressed of α-actinin, ANP, and MHC between the PCL/T-CNT and PCL only meshes. In these simple cultures, terminal morphological differentiation of
CPCs into myocardial cells with banding, e.g. Z-lines, was not achieved even though α-actinin, which is involved in formation and maintenance of the Z-lines, was present. Nevertheless, we have shown the potential for the meshes to support cardiomyocyte differentiation from CPCs.
Unlike in the case of previous studies 36,37, the functionalization of the CNT, in this case
with thiophenes, appears to have a very limited or pasive role in the differentiation of the CPCs.
More importantly, however, PCL/T-CNT meshes were conducive to CPC proliferation with retention of the CPC phenotype, and they allowed differentiation and acquisition of cardiomyocyte markers.
Conclusions
We have shown that changing the topological conformation of PCL, a known hydrophobic material, considerably altered its properties. The incorporation of T-CNT enhanced the mechanical properties of the fibrous meshes without changing its topography. The electrospun 3D PCL/T- 13 CNT meshes were conducive as scaffolds for CPCs to proliferate and differentiate. With further development, such meshes may in the future be viable as patches to aid restoration of cardiac function after MI, by buttressing and bypassing the scarred areas. 
